Recently, several types of nursing care equipment to aid the lifting and transfer of aged persons have been developed. Especially, rotational boom-type care lifts are used widely because of their simplicity and usefulness. However, such lifts sometimes provide a feeling of uneasiness because during lift-up, the center of the human body moves backward relative to the position of the heel. Hence, in this paper, we first propose a telescopic boom-type care lift to approximate the trajectory of the lift-up motion of a human standing up naturally. By using a multibody dynamics approach, we show that the proposed mechanism can achieve nearly natural standing-up motion and requires a smaller force for lift-up than that required by the conventional-type lift. Next, we develop a prototype telescopic boom-type care lift and verify experimentally that the proposed lift can reduce mental and physical burden compared with the conventional lift. To compare mental burden, we conduct a sensory evaluation by administering a questionnaire. To compare physical burden, we estimate muscle activation based on users' electromyographic signals. These results show the effectiveness of the proposed telescopic boom-type lift. Finally, we consider the optimal design of the proposed care lift structure. We propose an algorithm to seek optimal design parameters that minimize the error between the tip trajectory of the lift and the human chest trajectory measured using a motion capture system.
Introduction
In home care, caregivers are often the weak old spouse or women and children. To broaden the scope of activities and improve the quality of life of the person cared for, transferring them to the bed, wheelchair, toilet, and so on is indispensable. However, lifting and transferring the cared person requires considerable force, and in doing so, caregivers can easily damage their hips and knees (Tomioka, et al., 2008) . Therefore, recently several types of nursing care equipment to aid the lifting and transfer of aged persons have been developed (Mukai, et al., 2010) , (Kobayashi, et al, 2015) , (Mori, et al., 2011) . Especially, rotational boom-type care lifts, as shown in Fig. 1(a) , are used widely because of their simplicity and usefulness. However, during lifting using such lifts, the body of the cared person is placed in an unnatural posture, which is stressful for them both physically and mentally. Figure 2 shows the natural human sitting-to-standing motion from a chair, as measured using a motion capture system. In this figure, the blue line shows the trajectory of the chest. As is known, the natural standing-up trajectory is to take a forward-bent posture first and then raise roughly vertically (Sugimura, et al., 2007) . By contrast, when standing up using the conventional rotational-type lift, the trajectory of the chest is arc-shaped, which is very different from the natural human sitting-to-standing motion.
Hence, in this paper, we first propose a telescopic boom-type care lift to approximate the lift-up motion in the human natural standing-up trajectory and to reduce the mental and physical burden on persons who are cared for. By using a multibody dynamics approach, we show that the proposed mechanism can achieve nearly natural standing-up motion and uses less force than the conventional lift. Next, we fabricate a prototype telescopic boom-type care lift and verify its effectiveness experimentally. Finally, we consider the optimal design of the proposed care lift to further reduce the burden placed on users.
2. Telescopic boom-type care lift 2.1. Structure and analytical model As shown in Fig. 1(b) , consider a mechanism to approximate the lift-up motion in the human natural standing-up trajectory, which is almost vertical. In view of system simplicity and cost, we want to achieve this motion using only one actuator. To this end, we introduce the telescopic mechanism shown in Fig. 3 . This lift consists of three bodies connected by a wire, and the mechanism can expand and contract by actuating body 2 using a linear actuator.
We develop the model of a telescopic boom-type care lift for analyzing tip trajectory of the boom, required actuator force, and acting wire tension using a multibody dynamics approach (Shimizu and Imanishi, 2006) . Consider a global O − xy coordinate system with its origin at the rotation center of the boom, and a body reference frame O i − x 
Furthermore, l i denotes length, m i denotes mass, and I i denotes moment of inertia about the center of mass of body i.
Kinematic analysis
The position and orientation of body i is given by
T , and the vector of generalized coordinates of the system is denoted by q = [q
Point W on body 1 coincides with the origin O. Therefore, the following equation should be satisfied:
© The Japan Society of Mechanical Engineers where u W 1 is the position vector of point W defined in the coordinate system of body 1. Given that body 1 and body 2 move along a common axis, the following constraint equation is imposed:
where j 1 is the unit vector along the y ′ 1 -axis defined in the global coordinate system (see Fig. 4 ). In the same way, the sliding joint constraint between body 2 and body 3 can be written as
As shown in Fig. 5 , point Q on body 1 and point S on body 3 are connected by a wire through a pulley at point R. These constraints can be expressed as follows:
where ∥ * ∥ denotes the Euclidean norm,
and L is the total wire length.
Next, let us define the vector from point B to point P as follows (see Fig. 6 ):
Given that the actuator mounting angle θ is constant, tan θ = β/α or the following equation should be satisfied:
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The eight abovementioned independent constraints are imposed to the nine generalized coordinates q ∈ ℜ 9 . Therefore, the system has one degree of freedom. Moreover, if we assume that the linear actuator is controlled so that the distance between the points B and P becomes γ(t) = v 0 t + γ 0 , the following driving constraint is specified:
Then, the combined constraint of Eqs. (8) and (9) C(q, t) =
can be solved for q(t). For example, the Newton-Raphson algorithm can be used for solving this equation.
where C q = ∂C/∂q is a Jacobian matrix. Differentiating the constraint equation (10) with respect to time, we get the following equations:
where the right-hand-side vectors are defined as
By solving the linear equations (13) and (14), we can obtain the generalized velocityq and the generalized accelerationq.
Dynamic analysis
The force acting on point E from the human body becomes a dynamical load that changes its magnitude and direction in time, but here, we analyze it approximately by adding a weight of mass M at point E, as shown in Fig. 7 . The equations of motion that consider the constraint equation (8) can be expressed as follows:
where
is the generalized mass matrix, λ ∈ ℜ 8 is the vector of Lagrange multipliers, Q g ∈ ℜ 9 is the vector of the generalized force associated with the gravitational force of each body, Q w ∈ ℜ 9 is the vector of the generalized force associated with the gravitational force of the weight added at point E, f is the actuator driving force, D ∈ ℜ 9 is the input transformation vector, and they can be written as follows: Figure 8 shows a body i that is acted upon by a force f * whose point of application is denoted as * . The position of point * can be written as r
, and by taking a virtual change, it yields δr * = δR i + A i Vu * i δϕ i . Therefore, the virtual work of force f * can be expressed as
is the orthogonal rotation matrix. From Eq. (17), the vector of the generalized force associated with force f * can be calculated as follows:
The gravitational force f O i acting on each body can be written as follows:
Because u
The gravitational force f E due to the weight added at point E is expressed as follows:
Then, the associated generalized force Q w 3 is given as
The force f P at point P by the linear actuator can be calculated as
Therefore, the corresponding generalized force can be written as follows:
Here, we define D 2 as
The equation of motion (15) can be rewritten as follows:
By solving this linear equation, the actuator driving force f can be obtained, and the 7th element λ 7 of λ that corresponds to the constraint equation (5) is the tension of the wire. If we assume that the mechanism moves slowly asq 0, Eq. (28) can be approximated as follows:
By solving this equation of equilibrium, we can calculate the actuator driving force f and the wire tension statically. Figure 9 shows the trajectories of the tip, that is, point E, with the actuator mounting angle θ as a parameter. In the case of the conventional lift, the tip trajectory is an arc, which forces a user to take an unnatural posture. By contrast, the tip trajectory of the proposed lift is an almost vertical motion, similar to the human natural standing-up trajectory, when θ = 74 deg. In the following, we set θ = 74 deg. Figure 10 shows the force required by the actuator of the proposed telescopic boom-type lift. The blue lines are the forces calculated using Eq. (28) for dynamic analysis with different actuator extension speeds v 0 = 2.0, 1.0 and 0.5m/s. The red line shows the force determined using Eq. (29) for static analysis. As can be observed, as the actuator speed decreases, the result of the dynamics analysis approaches that of the static analysis; the two sets of results almost coincide when v 0 ≤ 0.5 m/s. Because in the case of nursing care lifts, the actuator speed is usually restricted to v 0 ≤ 0.01m/s for safety, it is understood that the static analysis result is sufficient for estimating of actuator force. Figure 11 shows a comparison of the required actuator force. From this comparison, the proposed lift can reduce the force required to lift a person up compared with the conventional lift. This indicates that the proposed lift may be built with smaller actuator and less cost. In the figure, the wire tension is also shown for reference. Figure 12 shows an exterior photo of SKYLIFT, which is a representative example of conventional rotational boomtype lifts, and Fig. 13 shows the prototype of the proposed telescopic boom-type lift. In these figures, the trajectory of point E measured by a motion capture system is shown as well. Figures 14 and 15 show the motions of the conventional and proposed lifts, respectively. From these figures, the proposed lift achieves almost vertical motion, similar to the human natural standing-up trajectory. In the following two subsections, we examine whether the proposed telescopic boom-type care lift can reduce the psychological and physical burden imposed on users by conventional rotational boom-type care lifts. In these experiments, test subjects used the same sling to support the body, as shown in Figs. 16 and 17. Given that the structures of the two lifts are quite different, it is impossible to conduct the experiments under identical conditions. Hence, we adjust the sitting and standing postures of the two lifts so that the comparison is as fair as possible.
Experimental validation

Evaluation of psychological burden
To compare the psychological burden, we conducted a sensory evaluation by administering a questionnaire. The research participants were 10 healthy male and female students in their twenties. The first five assessors used the conventional lift first and then the proposed lift, and the other five assessors used the lifts in reverse order. After using the two lifts, they evaluated their comfort levels on a 10-point scale. Table 1 shows the results. The mean value is 5.2 points in the case of the conventional lift and 7.3 points in the case of the proposed lift. To assess whether the means of the two groups are statistically different, we conducted a t-test. Here, the null hypothesis was that the population means of the two groups are equal (H 0 : µ 1 = µ 2 ), and the alternative hypothesis was that the population means are unequal (H a : µ 1 µ 2 ). We used a 0.01 level of significance and performed a two-tailed test. As a result of the analysis, t(9) = −3.84118 and p = 0.003959 < 0.01. Because the p-value (0.003959) is less than the significance level (0.01), we cannot accept the null hypothesis, and we conclude that the difference between the means of the two groups is significant. Therefore, the proposed lift offers a more comfortable ride and can reduce the psychological burden associated with using care lifts to a greater extent than the conventional one. Yamaguchi (Yamaguchi, 2016) verified this fact in detail using a semantic differential method.
Evaluation of physical burden
To compare the physical burden, we estimated muscle activation based on users' electromyographic (EMG) signals. In this study, we measured the muscle activity levels of the biceps femoris, one of the muscles that actuate the flextion/extension motion of the human hip and knee joint. The experiments were carried out with a healthy young male (22 years old), and the subject was instructed to perform standing-up and sitting-down motions for the following three cases: without using any lift, using the conventional lift, and using the proposed lift. Here, the root mean square (RMS) with a time interval of 100 ms was applied to extract features from the raw EMG data. The experimental results of the standing-up and sitting-down motions are shown in Figs 18 and 19, respectively. In these figures, the red line shows the case without using any lift, the green line shows the case of using the conventional lift, and the blue line shows the case of using the proposed lift. Here, we compare the effects of the support provided by both lifts with the case of no support. From Fig. 18 , we can see that muscle activity was 41% lower in the conventional lift, and 25% lower in the proposed lift. From Fig. 19 , we can see that muscle activity was 66% lower in the conventional lift, and 40% lower in the proposed lift. Therefore, the proposed lift can reduce physical burden to a greater extent than the conventional lift.
Design Optimization
In section 3, we conducted a multibody dynamics analysis of the telescopic boom-type care lift and found a set of parameters that makes the tip of the boom move along an almost vertical trajectory by trial and error. Such a tip trajectory is closer to the natural human standing-up trajectory than that achieved with the conventional lift. Therefore, the proposed lift can reduce the mental and physical burden to a greater extent than the conventional lift. However, as shown in Fig. 21 , the tip trajectory of the prototype telescopic boom-type care lift (blue line) is still quite different from Table 1 Questionnaire results. respondent 1 2 3 4 5 6 7 8 9 10 average conventional 5 5 3 5 6 9 2 6 5 6 5.2 proposed 7 7 7 8 8 7 6 8 8 7 7.3 the human standing-up trajectory (green line). Therefore, if we can decrease the error between the tip trajectory and the human standing-up trajectory, the mental and physical burden can be reduced further. Hence, in this section, we find optimal structural parameters that minimize the error between the two trajectories.
4.1. Problem formulation and optimization algorithm 4.1.1. Design variables Figure 20 shows the mechanism of the proposed telescopic boom-type care lift and its parameters. Here, we select the design parameters as follows:
where l i is the length of the body i, (s 2x , s 2y ) are the coordinates of point P in the coordinate system of body 2, (b x , b y ) are the coordinates of point B in the global coordinate system, θ is the actuator mounting angle, v 0 is the velocity of extension of the actuator, γ 0 is the initial actuator length, and (a x , a y ) are the coordinates of point W in the global coordinate system. To reduce the number of design parameters and eliminate redundant parameters, we set a 1 = a 2 = a 3 = 0, l w1 = l 1 /2, l w2 = l 2 /2 and l w3 = −l 3 /2 in the following discussion.
Cost function
If a set of design parameters p is specified, the corresponding trajectory of the generalized coordinates q(t) = [x 1 , y 1 , ϕ 1 , x 2 , y 2 , ϕ 2 , x 3 , y 3 , ϕ 3 ]
T ∈ ℜ 9 can be obtained by kinematic analysis, as explained in section 2. If we get q(t), the position of point E can be calculated by
Therefore, the tip trajectory of the lift r E (t) can be expressed as a function of p and q(t) as follows:
By contrast, we define the trajectory of the human chest measured by a motion capture system as follows:
Then, the problem is to optimize the design parameters p so that r E (t) to be as close as possible to r D (t).
To estimate the error between r E (t) and r D (t), we introduce the following cost function where ∥ * ∥ denotes the Euclidean norm. For simplicity, we divide the operation time 0 ≤ t ≤ t f into equal intervals as t 1 (= 0), t 2 . · · · , t N d (= t f ) and define h = t i − t i−1 . Then, Eq. (34) can be approximated by
Since h is a constant, we should minimize the following cost function:
Hence, in the following subsections, we find a set of optimal parameters p that minimizes the cost function (36).
Gradient function
To solve the optimization problem, it is necessary to compute the gradient (sensitivity) function of J with respect to p. By differentiating Eq. (36) with respect to p, we get
In the above equation, ∂r E /∂p and ∂r E /∂q can be calculated analytically by directly differentiating Eq. (31) with respect to p and q. Hence, in the following, we consider the method for computing ∂q/∂p. The constraint equation (10) can be rewritten by explicitly expressing the dependency on p as follows: By differentiating Eq. (38) with respect to p, we obtain
From Eq. (39), the following relationship can be derived
In the above equation, ∂C/∂q is the Jacobian matrix defined in section 2, and ∂C/∂p can be calculated analytically by direct differentiation. Therefore, we can compute the exact gradient function as follows: be achieved, and the iteration number reached its upper limit k max . However, because the cost was reduced significantly from J(p (0) ) = 0.161193 to J( p (2000) ) = 0.003529 and remained almost flat after around k = 1000, we considered that the optimization was done to the extent possible. In Fig. 21 , the red line shows the tip trajectory of the lift with the optimal design parameters. As can be seen in the figure, the tip trajectory is closer to the natural human standing-up trajectory than that achieved with the initial design. This shows the effectiveness of the proposed optimal design algorithm. Figure  23 shows a comparison of the motions before and after the optimization.
Conclusions
In this paper, we proposed a telescopic boom-type care lift. By conducting multibody dynamics analysis, we showed that the proposed mechanism can achieve almost vertical motion, which is close to the human natural standing-up motion, and the required actuator force is much lower than that of conventional lifts. We fabricated a prototype and confirmed that it can reduce the mental and physical burden imposed on users. Moreover, we discussed the structure optimization problem of the proposed care lift. In future, we will rebuild the telescopic boom-type lift with the optimal design parameters and confirm that it can reduce the burden on cared-for persons compared with that imposed by the present design.
